Introduction
Aldosterone classically acts via the renal epithelial mineralocorticoid receptors (MR) leading to salt and volume homeostasis and consequently blood pressure regulation. MR is also expressed in non-epithelial cells including cardiomyocytes (1) , vascular cells (2, 3) and macrophages (4, 5) and have been implicated in pathological conditions such as heart failure, endothelial dysfunction, hypertension, insulin resistance and obesity (6) (7) (8) (9) (10) . Recently, MR has been identified in adipocytes (11) (12) (13) (14) . The (patho)-physiological significance of adipocyte MR is unclear, although experimental and human studies have demonstrated increased expression of adipocyte MR in obesity, metabolic syndrome and diabetes (6, 14, 15) . Adipose tissue has long been considered primarily as a simple fat storage of triglycerides to regulate several important functions such as energy balance and thermogenesis, but is now recognized as a metabolically active endocrine/paracrine/autocrine organ that synthesizes, stores, and secretes hormones, vasoactive factors and proteins, termed adipo(cyto)kines (16, 17) . MR mediates effects of aldosterone and glucocorticoids, which in adipocytes regulate adipogenesis, adipocyte maturation and adipokines production (12, (18) (19) (20) . We recently demonstrated that adipocytes possess functionally active MR and have the machinery to produce aldosterone, processes that are increased in obesity-associated diabetes and which influence vascular function (6, 12, 13) .
To better understand the relevance of the adipocyte MR, we generated a conditional transgenic mouse model allowing restricted and inducible MR overexpression in an adipocyte-specific manner. These mice exhibit features of metabolic syndrome, including weight gain, insulin resistance and dyslipidemia, with increased activation of prostaglandin D2 synthase (14) . Considering the growing evidence that adipose tissue and adipokines influence vascular tone, and that the aldosterone/MR system is involved in vascular pathology associated with cardiovascular disease, we questioned whether upregulation of adipocyte MR in mice leads to vascular dysfunction.
Material and Methods

Generation of mice expressing human MR (hMR) in adipocytes
Page 3 of 42 Diabetes
The study was approved by the Animal Ethics Committee of the University of Ottawa. All studies in animals were conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. All procedures followed were in accordance with institutional guidelines.
We generated mice with targeted overexpression of hMR in adipocytes using the conditional tetracycline-inducible system as we recently reported (14) and summarized in Supplementary Fig. 1A and B. Double-transgenic ('adipocyte MR over-expression', Adipo-MROE) mice were obtained by mating two strains: the mono-transgenic tetO-hMR mouse and the mono-transgenic transactivator aP2-rtTA mouse. In Adipo-MROE mice, hMR expression is switched on in adipocytes by administering doxycycline (Dox) (2 g/L for 4 weeks) (200 mg/kg Dox diet, Harlan Laboratories, Ontario, Canada). The litters consisting of Adipo-MROE, mono-transgenic tetO-hMR, monotransgenic aP2-rtTA, and WT mice were born in the expected mendelian ratio (25% for each genotype). The last 3 groups, which displayed no molecular or functional differences between them, were considered as controls (Control-MR). Blood pressure was measured by the tail-cuff method in 2-3 month-old mice. Mice were sacrificed to recover mesenteric arteries and adipose tissues used for the subsequent manipulations of cell culture, histology or bio-molecular analysis.
Isolation and culture of mature adipocytes from mouse adipose tissue
Mouse mature adipocytes
Mouse abdominal epididymal visceral adipose tissue (EVAT) was obtained from 4 month-old male
Adipo-MROE and their littermates Control-MR mice. Mature adipocytes fraction was isolated and cultured at 37°C for 24 hrs as previously described (12) .
Conditioned culture medium
The conditioned culture medium, collected from mature adipocytes (ACM) 24 hrs after isolation (12, 21) , was concentrated in speed vacuum system (Vacufuge Eppendorf) and kept at -20ºC for further aldosterone, corticosterone, angiotensin II and hydrogen peroxide levels determinations.
Vascular studies
Second order branches of mesenteric artery without perivascular fat (PVAT) were isolated from 3-4 month-old Adipo-MROE and their littermates Control-MR mice and mounted on a wire myograph (DMT myograph, ADInstruments Ltd, Oxford, UK) as previously described (13) . Endothelium- mol/L) (endothelium-intact arteries).
Arterial stiffness was studied with a pressure myograph (Living Systems, Burlington, Vermont) as previously described (13) . The artery was set to an internal pressure of 45 mmHg, pressure-fixed (30 min, 10% formalin, 37°C) and stored embedded in paraffin until histomorphometry studies. Vascular structure and mechanical parameters were calculated as previously described (13) .
Elastin content assessment by Elastic Van Gieson
Deparaffinized Sections (5 µm) were rehydrated in sequential alcohol baths and washed in distilled of elastin content were measured on calibrated images at x40 magnification using Image J software.
All data are presented as mean percentage of elastin content ± SE of 9 mice per group.
Cell culture of mouse vascular smooth muscle cells
To interrogate some molecular mechanisms underlying altered vascular function in Adipo-MROE mice, we also studied cultured VSMCs (passages 4 to 6) from control mice (C57/Bl6 mice), from mesenteric arteries as described in detail previously (12 
Phosphorylation of insulin receptor substrate 1 (IRS1)
Phosphorylation of IRS1 at the serine-307 was evaluated using an ELISA kit (Merck Millipore #17-459, United Kingdom) and the experiments were performed in mesenteric arteries protein lysates, according to the manufacturer's instructions. Serine-307 phosphorylation of insulin receptor substrate 1 (IRS1) has been shown to mediate insulin resistance (24) (25) (26) .
Western blot analysis
Mesenteric arteries, aorta from Adipo-MROE and Control-MR mice and VSMCs were prepared and western blotting analysis was performed as previously described (12) . Antibodies were as follows:
anti 
Quantitative real time Polymerase Chain Reaction
Total RNA was extracted from mature adipocytes, EVAT, PVAT and mesenteric arteries as previously described (13, 14) . Real time PCR was carried out on a 7900HT Fast Real-Time PCR machine (Applied Biosystems) using gene-specific primers to quantify the relative abundance with SYBR Green I as the fluorescent molecule. The primers were designed using the software Primer 3
and are listed in Supplementary 
Results
Conditional MR overexpression in adipocytes in mice.
As previously described (14) , conditional MR overexpression for 4 weeks leads to a 3-4 fold increase in MR expression in mature adipocytes isolated from epididymal visceral adipose tissue (EVAT) from Adipo-MROE mice compared to adipocytes from littermate Control-MR mice (Supplementary Fig.   2A ). MR expression is increased in whole EVAT, as well as in PVAT around the mesentery but not in mesenteric arteries (Supplementary Table 2 ). Gene expression of a known downstream target of aldosterone/MR activation, serum and glucocorticoid regulated kinase-1 (Sgk1) was increased 3-fold in adipocytes from Adipo-MROE versus Control-MR mice, whereas it is not changed in mesenteric arteries ( Supplementary Fig. 2B ) indicating that hMR is functionally active and its activation is increased in Adipo-MROE mice. Supplementary Table 3 summarizes the general characteristics of the Control-MR and Adipo-MROE mice. Systolic blood pressure and heart rate were similar between Adipo-MROE and Control-MR mice. Body weight was increased by 21.4% in Adipo-MROE mice.
Heart and kidney weights relative to tibia length were comparable between both groups, whereas EVAT weight relative to tibia length was increased by 21.7% in Adipo-MROE mice. Plasma levels of aldosterone, corticosterone, and angiotensin II were similar between Adipo-MROE and Control-MR mice. Levels of these hormones in adipocyte culture conditioned medium were also similar between both groups (Table 1) .
Endothelial function and vascular contractility in Adipo-MROE mice.
Vasodilatory responses.
Acetylcholine ( These results were confirmed with increased phosphorylation of insulin receptor substrate 1 (IRS1) at serine 307 (+154% from Control-MR) ( Supplementary Fig. 3E ). IRS1 phosphorylation at serine-307
has been highlighted as a molecular event that causes insulin resistance (25, 26) . Thus, Adipo-MROE mice displayed vascular insulin resistance. (Fig. 1C) .
Adipocyte-specific MR over-expression is associated with down-regulation of vascular Rho kinase signaling.
Small GTPases of the Rho family influence vascular tone primarily by regulating VSMC contraction.
Considering the significant alteration of vascular contractility in Adipo-MROE mice, we explored the possibility that RhoA/ROCK may be involved. ROCK activity was significantly reduced in mesenteric arteries from Adipo-MROE versus Control-MR mice (% Control-MR: 100±12.9 vs 41±7.5, n=7 mice per group, p<0.01). This was associated with decreased phosphorylation of downstream targets of ROCK signaling, specifically: the myosin phosphatase subunit 1 (MYPT1) ( Fig. 2A) , the ezrin-radixin-moesin (ERM) (proteins linking the actin cytoskeleton with the plasma membrane) (Fig. 2B ) and the myosin light chain (MLC) (Fig. 2C ).
Protein levels of RhoA and ROCK isoform 2 (ROCK2) were similar in experimental and control groups ( Supplementary Fig. 5A ). To evaluate whether contractile alterations relate to endothelial Page 10 of 42 Diabetes nitric oxide synthase (eNOS), we assessed phosphorylation status of eNOS on the active site, Serine-1177, which was not significantly different in Adipo-MROE and control groups ( Supplementary Fig.   5B ).
Adipocyte-specific MR over-expression is associated with activation of cGMP-dependent protein kinase G type 1 (PKG-1) and increased levels of vascular reactive oxygen species production.
To investigate molecular mechanisms involved in decreased vascular ROCK activity in mice with adipocytes-targeted MR overexpression, we focused on cyclic GMP-dependent kinase G (PKG)-1, which is activated by ROS such as H 2 O 2 in VSMCs, and which has been shown to attenuate vasoconstriction and promote vasodilation (27, 28) . As shown in Fig. 3A , expression of PKG-1 was significantly higher in arteries from Adipo-MROE mice compared with controls. To explore potential molecular mechanisms whereby PKG-1 is activated, we focused on diffusible factors such as H 2 
Exogenous hydrogen peroxide leads to down-regulation of ROCK activity.
To understand the mechanistic basis of the relationship between PKG-1 and ROCK activity in VSMCs exposed to oxidative stress conditions, we examined ROCK activity in primary cultured mouse VSMCs exposed to exogenous H 2 O 2 . H 2 O 2 dose-dependently increased expression of PKG-1 is a negative regulator of ROCK activation through processes that involve PKG-1.
PKG-1 inhibition restores normal contraction in Adipo-MROE mice.
To analyze whether modulating PKG-1 expression affects vascular functional responses, we analyzed contractile responses in the presence of Rp-8-Br-PET-cGMPS, a specific inhibitor of PKG-1. Pheinduced vasoconstriction in endothelium-denuded arteries from Adipo-MROE was comparable with
Control-MR mice when PKG-1 was inhibited (Fig. 5A ). Endothelium-dependent relaxation induced by H 2 O 2 after PKG-1 inhibition was similar in arteries between Adipo-MROE and Control-MR mice (Fig. 5B ).
Elasticity and elastin content are increased in mesenteric arteries from Adipo-MROE mice.
To evaluate potential factors contributing to vascular hypocontractility in Adipo-MROE mice, we examined elasticity and elastin status of mesenteric arteries from the different groups. As shown in Supplementary Fig. 7A , the stress-strain relationship curve was shifted to the right, indicating that the mesenteric arteries from Adipo-MROE mice are more elastic than the Control-MR mice.
Using Elastic Van Gieson stain we show that elastin content was higher, as assessed qualitatively and semi-quantitatively, in mesenteric arteries from Adipo-MROE mice compared to the Control-MR mice ( Supplementary Fig. 7B, 7C ). This is further supported by upregulation of elastin mRNA levels in mesenteric arteries from Adipo-MROE mice compared to the Control-MR mice ( Supplementary   Fig. 7D ).
Upregulation of ACE2/Ang (1-7)/Mas system in Adipo-MROE mice.
Another molecular mechanism that could be involved in the hypocontractility is the counterregulatory pathway of the renin-angiotensin-aldosterone system, the ACE2/Ang (1-7)/Mas receptor system, which has been reported to contribute to visceral obesity (29) (30) (31) . Ace2 and Mrga (Mas receptor) mRNA levels were upregulated in EVAT of Adipo-MROE mice by 5-fold and 2-fold respectively. Moreover, Mrga transcripts levels were increased in mesenteric arteries of Adipo-MROE mice, but not Ace2 (Supplementary Table 4 ). 
Pro
Discussion
We previously demonstrated that MR over-activation specifically in adipocytes leads to significant metabolic abnormalities including increased visceral adiposity, insulin resistance, and dyslipidemia (14) . Here, we examined the potential vascular comorbidities that might accompany these metabolic alterations. These studies were prompted by our previous findings where we demonstrated that increased expression of adipocyte MR in obese diabetic mice and humans was associated with vascular dysfunction (13) but a causal relationship was not established. Using mice that conditionally overexpress MR in an adipocyte-specific manner, we found that vascular contractility was markedly reduced, whereas endothelial function was normal. These phenomena were associated with increased H 2 O 2 generation by adipocytes leading to upregulation of redox-sensitive PKG-1 and downregulation of vascular ROCK (Fig. 6 ). Adipose tissue from Adipo-MROE lost its anticontractile properties possibly by increasing secretion of contractile factors, as evidenced by our experiments with ACM on contractility of healthy arteries of Control-MR. Serine-307 phosphorylation of IRS1 has been highlighted as a molecular event that causes insulin resistance (24, 26) . In our studies, the increase in phosphorylation IRS1 at serine-307 confirms the insulin resistant phenotype of the Adipo-MROE mice. Together these findings indicate that upregulation of adipocyte MR has significant impact, not only on metabolic parameters, but also on vascular function.
Increasing evidence supports a role for adipocyte MR over-activation in pathophysiological conditions associated with metabolic disorders and cardiovascular diseases. We found a significant decrease in ROCK activity and decreased activation of ROCK-dependent signaling proteins, including MLC, MYPT1 and ERM in vessels from Adipo-MROE mice.
Downregulation of vascular RhoA/ROCK signaling may contribute to impaired contractility in an endothelium-independent manner as it was previously reported (40) (41) (42) . This is unusual as well, since in the context of metabolic syndrome, obesity or diabetes, animals displayed increase in MR activity associated with increased ROCK activity (6, 43, 44) . In addition, plasma aldosterone levels are increased in obese diabetic human and animals, whereas in Adipo-MROE mice, aldosterone plasma levels are unchanged and MR over-activation is restricted to the adipocytes.
Adipocyte MR over-activation leads to an increase in ROS production by adipocytes, which is also evident in adipose tissue from obese mice (45) Adipo-MROE (7) Control-MR +PKG-1 inh (5) Adipo-MROE +PKG-1 inh (7)
FIGURE 5
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Ubc, ubiquitin C; Nr3c2, nuclear receptor subfamily 3, group C member 2 (MR, mineralocorticoid receptor); Sgk1, serum glucocorticoid-induced kinase 1; Ace2, angiotensin I converting enzyme 2; Mgra, G-coupled receptor Mas; Mcp-1, monocyte chemoattractant protein-1; Il, interleukine; m, mouse; t, total: endogenous and exogenous MR. Relaxation responses of fat-free mesenteric resistant arteries from Adipo-MROE and Control-MR mice were evaluated using a wire myography. A: Endothelium-dependent relaxation to cumulative and increasing doses of acetylcholine (ACh, 10 -9 to 10 -5 M). There is no difference between Adipo-MROE and their Control-MR littermates, as well as for the endothelium-independent relaxation (B) to increasing doses of a donor of nitric oxide, the sodium nitroprusside (SNP, 10 -9 to 10 -5 M). C: Doseresponse curves for insulin-induced relaxation were obtained from mesenteric arteries of Control-MR and Adipo-MROE mice. D: Effects of N-Acetyl-cysteine (general antioxidant, 10 -6 M) and PEGcatalase (H 2 O 2 scavenger, 100 U/mL) on insulin-induced relaxation. E: Serine-307 Phosphorylation of IRS1 was increased in mesenteric arteries from Adipo-MROE vs control-MR mice. For A-D: twoway ANOVA test was performed, followed by Bonferroni test. Data were performed in repeated measures, expressed as percentage of contraction to Phe and presented as mean ± SE; n=5 to 7 mice/ group. Data represent means ± SE. ns: not significant, * p<0.05 Adipo-MROE vs Control-MR. For E: Mann-Whitney nonparametric test was performed. Data are expressed mean ± SE; n=6 mice/group. *** p<0.001 vs Control-MR. Supplementary Figure 4 . Contractile responses to other vasoconstrictors in mesenteric arteries from Adipo-MROE and control-MR mice. A: Responses to high concentrations to potassium chloride. Contractile responses to cumulative and increasing doses (10 -9 to 10 -5 M) of (B) noradrenaline (NA), (C) serotonin (5-HT, 5-hydroxytryptamine) in mesenteric arteries without intact endothelium, were significantly decreased in Adipo-MROE vs Control-MR mice. For A: Mann-Whitney nonparametric test was performed. Data are expressed mean ± SE; n=6 mice/group. ns: not significant. For B and C: two-way ANOVA test was performed, followed by Bonferroni test. Data were performed in repeated measures, expressed as percentage of contraction to Phe and presented as mean ± SE; n=6 mice/group. Data represent means ± SE. * p<0. 
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